Liver and kidney cancers are notorious for drug resistance. Due to the complexity, redundancy and interpatient heterogeneity of resistance mechanisms, most efforts targeting a single pathway were unsuccessful. Novel personalized therapies targeting multiple essential drug resistance pathways in parallel hold a promise for future cancer treatment. Exploiting the multitarget characteristic of microRNAs (miRNAs), we developed a new therapeutic strategy by the combinational use of miRNA and anticancer drugs to increase drug response. By a systems approach, we identified that miR-27b, a miRNA deleted in liver and kidney cancers, sensitizes cancer cells to a broad spectrum of anticancer drugs in vitro and in vivo. Functionally, miR-27b enhances drug response by activating p53-dependent apoptosis and reducing CYP1B1-mediated drug detoxification. Notably, miR-27b promotes drug response specifically in patients carrying p53-wild-type or CYP1B1-high signature. Together, we propose that miR-27b synergizes with anticancer drugs in a defined subgroup of liver and kidney cancer patients.
Introduction
Anticancer drugs, including cytotoxic agents and molecularly targeted compounds are the standard treatment regimen for most cancers, especially for late-stage cancers in which surgery is not an option [1] . According to clinical observations, liver and kidney cancers are especially notorious for drug resistance, which results in eventual treatment failure [2] . In these cancers, the use of sorafenib, a compound targeting multiple kinases, resulted in a 3-month improvement in median overall survival [3, 4] ; however, refractory cancers eventually developed in most patients. In addition, the high cost of sorafenib precludes it from widespread use in developing counties [5] . Chemotherapies are affordable and still used in clinical practice, especially in Asia [6] . Notably, chemotherapies showed effectiveness in treating liver and kidney cancers in many clinical studies [6, 7] and are recommended in the guidelines for the diagnosis and treatment of primary liver cancer compiled by the Ministry of Health of China [8] . However, for patients who have impaired liver and kidney functions, chemotherapy is less effective likely because the drug doses must be reduced in these cases to avoid intolerable side effects [6, 9] . The same limitation also applies to molecularly targeted drugs. Therefore, it is desirable that a novel therapeutic strategy could be developed to enhance the effectiveness of low doses of chemotherapeutic drugs as well as molecularly targeted drugs.
It is noteworthy that tumors resistant to one drug also exhibit broad resistance to other chemically and func- tionally unrelated drugs [10] . These clinical observations suggest that tumor cells likely adopt common resistance mechanisms, such as ATP-binding cassette (ABC) transporter-dependent drug efflux, increased detoxification capacity, and evasion of drug-induced cell death, to escape the therapeutic impacts of different anticancer drugs [10] . For example, a recent study identified that the loss of MED12 confers resistance to multiple chemotherapeutic compounds and molecularly targeted drugs on a variety of cancer types by the same mechanism, i.e., activating the TGF-β signaling to reduce drug-induced cell death [11] . Theoretically, targeting any one of these essential pathways could increase the response to a wide range of anticancer drugs. However, due to the complexity and redundancy of drug resistance mechanisms, strategies targeting a single pathway failed to improve the response to anticancer drugs in clinical translations [12] . It becomes apparent that antagonizing multiple resistance pathways would be a new solution to improve the efficacy of anticancer drugs. Moreover, a comprehensive understanding of the resistance mechanisms targeted by such a strategy is critical for designing personalized therapies [1] .
MicroRNAs (miRNAs) are important posttranscriptional regulators involved in various biological processes, including tumorigenesis [13] . Notably, the first cancer-targeted miRNA drug MRX34, a liposome-based miR-34 mimic, has entered clinical trials in patients with advanced liver cancers [14] . Encouraged by this progress, miRNA-based therapies are attracting special attention nowadays. The most important advantage of miRNA-based therapies is that miRNAs are capable of concurrently targeting multiple effectors to fulfill biological functions [15] . Apparently, the combinational therapy of miRNA and anticancer drugs would be a good solution to achieve potent drug responses if multiple essential drug resistance pathways are targeted by miRNAs [16] .
Accumulating evidence has shown that miRNAs play important roles in drug resistance of human cancers [17] . For example, in liver cancers, miR-221/222 induce TNF-related apoptosis-inducing ligand (TRAIL) resistance by targeting tumor suppressors PTEN and TIMP3 [18] . miR-199a-3p enhanced cell sensitivity to doxorubicin by antagonizing mTOR and c-Met [19] . These pioneered studies have laid the ground for understanding the roles of miRNAs in drug resistance. The current challenge is to identify master miRNAs, which by targeting multiple essential drug resistance pathways are capable of improving the sensitivity to a broad spectrum of anticancer drugs, including chemotherapeutic drugs and molecularly targeted drugs. Ideally, such miRNAs should have genetic or epigenetic alterations in cancer cells so that the combinational therapy would spare normal cells. In addition, thorough characterization of the drug resistance pathways targeted by such master miRNAs would facilitate the application of the combinational therapy of miRNAs and anticancer drugs in a personalized manner.
To discover such master miRNAs, we took a systems approach by screening human miRNA libraries followed by comprehensive bioinformatic analysis of miRNA-pathway networks and clinical cancer data. By focusing on the most resistant liver and kidney cancers, we found that miR-27b, genetically deleted in human cancers, is a master miRNA capable of enhancing the response to multiple drugs in vitro and in vivo. miR-27b reduces drug resistance via two essential mechanisms, i.e., enhancing p53-dependent cell death and suppressing CYP1B1-mediated drug detoxification. Notably, clinical data indicate that high miR-27b levels together with drug treatment would specifically benefit cancer patients with a p53-wild-type or a CYP1B1-high signature, suggesting a personalized application of miR-27b and anticancer drugs to improve therapeutic effects.
Results

Identification of miRNAs that enhance drug sensitivity by functional screen and systems analysis
To identify master miRNAs that can improve the response of human cancer cells to anticancer drugs in a comprehensive manner, we designed and optimized a high-throughput miRNA screen including 828 human miRNA mimics [20] ( Figure 1A and Supplementary information, Figure S1A -S1E). The hepatoblastoma cell line HepG2 was employed in the screen, because it retains better hepatic characteristics, has been widely used for cytotoxicity studies [21] , and shares some important genetic alterations with hepatocellular carcinoma (HCC) [22] . In addition, doxorubicin, a widely used front-line chemotherapeutic drug, was used in the screen. High transfection efficiencies of small RNAs were confirmed in pilot experiments (Supplementary information, Figure  S1A -S1E). Also, siRNA-mediated silence of multidrug resistance-associated protein-1 (MRP1), a major ABC transporter family member, was used as a positive control throughout the screen. Comparison of the data derived from duplicated experiments using 146 randomly selected miRNAs yielded a Pearson correlation coefficient of 0.67, indicating that the screening system was robust (Supplementary information, Figure S1F ).
The Z-score was used to normalize the raw data in a way that provides explicit information regarding the strength of each miRNA relative to the rest of the sample distribution [23] . The distribution of Z-score values ap- proximately recapitulated the normal distribution (Supplementary information, Figure S1G ). 33 miRNAs with Z-scores below −1.65 enhanced the sensitivity of HepG2 cells to doxorubicin (P < 0.1), whereas 55 miRNAs increased the resistance of HepG2 cells to doxorubicin (Z-score ≥ 1.65, P < 0.1; Figure 1B and Supplementary information, Table S1 ). Although both the sets of miRNAs deserve in-depth investigation, we focused on the miRNAs that enhanced drug sensitivity in this study.
Twenty-two out of the thirty-three miRNAs were individually validated and shown to increase the sensitivity to doxorubicin in HepG2 cells ( Figure 1C ). Next, we adopted a network-based strategy, which provided a systems view of the functions of the 22 miRNAs. The predicted target genes of each miRNA were mapped in Reactome to reveal functional pathways ( Figure 1D and Supplementary information, Table S3 ). The interactions among the miRNAs and target pathways were then projected into an integrated network ( Figure 1E ). These miRNAs were found to target essential biological functions, most of which could be categorized into cell proliferation, cell death, transportation, and detoxification of compounds ( Figure 1E ). Previous studies have demonstrated that the deregulation of these essential biological functions results in multidrug resistance [1] , which explains why these miRNAs could enhance the drug response.
Out of the 22 miRNAs identified in our analysis, 5 miRNAs (miR-20a, miR-27b, miR-20b, miR-183, and miR-367) were located in the center of the miRNA-pathway network and predicted to regulate 84% of the functional pathways. It is conceivable that these five miRNAs would have key roles in facilitating the response to multiple anticancer drugs.
miR-27b is a master miRNA capable of enhancing drug sensitivity in liver cancers
In addition to HepG2, the drug sensitizing effect of miR-27b could be extended to three additional HCC cell lines, SNU-182, SNU-739, and Tong ( Figure 2A ). miR-20a, miR-20b, and miR-367 only enhanced drug response in SNU-739 cells (Supplementary information, Figure S2A -S2L), and miR-183 exhibited no sensitizing effect in these cells lines (Supplementary information, Figure S2A -S2L). To further characterize the function of these miRNAs, we analyzed the drug sensitizing effect on primary cultured human HCC cells, which retained the properties of original cancers [24] . Remarkably, miR27b significantly enhanced the response of liver cancer cells to doxorubicin in three out of five patient-derived primary cultures ( Figure 2B ). It is also worth mentioning that miR-27b enhanced the sensitivity to doxorubicin to the extent comparable to MRP1 silencing ( Figure 1C and Supplementary information, Figure S1C ). Together, these results suggest that miR-27b possesses the strongest capability to improve drug sensitivity among the five miR-NA hits identified from the screen.
Next, we asked whether miR-27b can enhance the response to other anticancer drugs besides doxorubicin. Notably, we found that miR-27b increased the response to Topoisomerase II poisons, including epirubicin, and etoposide ( Figure 2C ), as well as platinum compound cisplatin in HepG2 cells ( Figure 2C ). Also, we analyzed the combinational effect of miR-27b with sorafenib, the only targeted drug for liver cancers [3] , and gefitinib, an EGFR inhibitor in clinical trials for liver cancer treatment [25] . Strikingly, miR-27b enhanced the sensitivity to both molecularly targeted drugs ( Figure 2C ), echoing the clinical observation that tumor cells often adopt common resistance mechanisms to compromise the effects of different anticancer drugs [10] . These results further prove that miR-27b is a master miRNA increasing the sensitivity to multiple anticancer drugs.
Genetic deletions of miR-27b in human liver cancers
Ideally, patients eligible for the combinational therapy of miRNA and anticancer drugs would be those with miRNA levels that are lower in tumors than in normal tissues, so that the combinational therapy would attack cancer cells with high specificity and spare normal cells The effects of miRNA overexpression on cell response to doxorubicin were determined in primary cultured liver cancer cells. Cancer cells from patients 1, 4, and 5 were used at passage 1, and cancer cells from patients 2 and 3 were used at passage 4. These primary cultured liver cancer cells were treated with 0.5 µM doxorubicin for 72 h after miRNA transfection. The number of viable cells transfected with the indicated miRNAs followed by doxorubicin treatment was normalized to that of the Scr-miR-treated control group. (C) miR-27b enhances the sensitivity of HepG2 cells to multiple anticancer drugs. IC50 for each treatment was presented. (D) miR-27b expression levels were reduced in human liver cancer samples (n = 49, P < 0.001) compared with paired non-cancerous tissues. (E) Loss of mir-27b alleles in human liver cancers (12 out of 49) as determined by the copy number variation analysis of the mir-27b gene locus. The relative log 2 copy number ratio < −0.25 represents copy number loss. (F) The promoter methylation level of the mir-27b gene was unchanged in human liver cancers (n = 41). β value was applied to indicate the levels of DNA methylation at the promoter of the mir-27b gene.
in which the corresponding miRNA is already highly expressed [17] . To evaluate the miRNA expression levels in human liver cancers, we used data derived from the public domain, The Cancer Genome Atlas (TCGA), which has set up vigorous criteria for human cancer sample collection and information processing [26] . Out of the miR-27b sensitizes cancer cells to multiple drugs Table S4 ). We additionally analyzed data of 10 pairs of human liver cancer samples from the public database ArrayExpress, and determined miR-27b expression in 15 pairs of collected liver cancer samples by quantitative real-time PCR (q-PCR). Both sets of data confirmed that miR-27b was significantly downregulated in liver cancers (Supplementary information, Figure S3E and S3F), suggesting that high miR-27b levels might confer a disadvantage on cancer cells.
Next, we assessed genetic and epigenetic alterations at the miR-27b gene locus using the same set of samples in TCGA. Strikingly, 12 out of 49 liver cancers displayed simultaneous loss of the miR-23b-27b-24-1 gene cluster and its tightly linked genes C9orf3 and FANCC as identified by copy number variation analysis ( Figure 2E and Supplementary information, Figure S3I , relative log 2 copy number ratio < −0.25). Also, the expression levels of these genes were decreased in liver cancers compared with paired non-cancerous tissues ( Figure 2D and Supplementary information, Figure S3J ). According to the DNA methylation data in TCGA, the promoter methylation status of the mir-27b gene was unchanged between liver cancers and paired non-tumor liver tissues ( Figure  2F ). These results suggest that genetic deletion likely accounts for reduced miR-27b levels in liver cancers.
The combinational therapy of miR-27b and doxorubicin shows synergistic therapeutic effect on liver cancers in vivo
Due to the strong side effect of doxorubicin, it is desirable in clinical practice to achieve therapeutic effect with low drug doses, especially for liver cancer patients who have impaired liver functions [9] . Therefore, we asked whether the combinational use of miR-27b and doxorubicin at low doses shows synergistic therapeutic effect in vivo ( Figure 3A ). HepG2 cells were orthotopically transplanted into the livers of immunodeficient mice to form liver tumors. The tumor-bearing mice were then treated with miR-27b and doxorubicin, either alone or in combination. Based on pilot experiments (data not shown), 3 mg/kg doxorubicin was applied, which was around 3-fold lower than the doses used in the clinic [27] and showed minimal toxicity. miR-27b was efficiently delivered into the transplanted liver tumors as determined by q-PCR ( Figure 3B ). Significant reduction in liver cancer growth was observed with combinational miR-27b and doxorubicin treatment ( Figure 3C and 3D), while miR-27b or doxorubicin treatment alone showed minimal effect on liver tumor size. The combinational treatment significantly reduced cancer cell proliferation and enhanced cancer cell death as shown by the decreased number of Ki67-positive cells ( Figure 3E and Supplementary information, Figure S4A ) and increased cleaved-caspase-3 levels ( Figure 3F ), respectively. It is noteworthy that liver damage was undetectable after the combinational therapy, as demonstrated by normal liver histology ( Figure 3G ), unchanged hepatocyte proliferation ( Figure 3G ), and unchanged serum levels of liver injury markers ALT, AST, and total bilirubin ( Figure 3H -3J), suggesting that the combinational treatment specifically attacks liver cancer cells.
miR-27b synergizes with anticancer drugs in kidney cancers
We next asked whether miR-27b could enhance responses of other types of drug-resistant cancers, such as kidney cancers [2] . Markedly, we found that forced miR27b expression sensitized kidney cancer cell line ACHN to different anticancer drugs ( Figure 4A ). Moreover, the drug sensitizing effect of miR-27b could be extended to three additional kidney cancer cell lines, 786-O, 769-P, and Caki-1 ( Figure 4B ).
To confirm the synergistic effect in vivo, miR-27b was delivered into subcutaneously transplanted ACHN kidney tumors by intratumoral injection 2 days before doxorubicin treatment ( Figure 4C and 4D). Combinational treatment of miR-27b and doxorubicin significantly suppressed tumor growth ( Figure 4E and Supplementary information, Table S5 ). Remarkably reduced cell proliferation and increased cell death were observed in kidney tumors after combinational treatment ( Figure 4F , 4G and Supplementary information, Figure S4B and S4C).
Furthermore, we found that miR-27b levels were reduced in 66 kidney cancers compared with paired non-cancerous tissues in TCGA ( Figure 4H and Supplementary information, Table S4 ). Twenty-one out of the sixty-six kidney cancers displayed simultaneous loss of C9orf3 and FANCC as well as the miR-23b-27b-24-1 gene cluster by analyzing the copy number variation (relative log 2 copy number ratio < −0.25; Figure 4I and Supplementary information, Figure S4D and S4E). In addition, the level of DNA methylation at the promoter of the mir-27b gene was increased in human kidney cancers ( Figure 4J ). Because genetic deletion and DNA hypermethylation account for decreased expression of tumor suppressor genes [28] , attenuated miR-27b expression in kidney cancers may be caused by both genetic and epigenetic aberrations. Together, our data indicate that miR-27b is a master miRNA that synergizes with anticancer drugs in the treatment of liver cancers and kidney 
miR-27b enhances the drug response by activating p53
We next analyzed the mechanisms by which miR-27b synergizes with multiple anticancer drugs. By comparing the whole-genome expression profiles of miR-27b-overexpressing cells with those of scrambled miRNA-overexpressing cells after doxorubicin treatment, we found that levels of the ABC transporter family genes and doxorubicin target genes, e.g., Topoisomerase IIα, were unchanged (Supplementary information, Table S6 ). Intracellular concentrations of doxorubicin as revealed by its autofluorescence detected by FACS were not altered in cells with forced miR-27b expression (Supplementary information, Figure S5A ). Because both doxorubicin and its major metabolites emit red fluorescence and, importantly, both of them are substrates of ABC transporters [29] , therefore, it is unlikely that miR-27b promotes drug sensitivity by reducing drug efflux.
Expression profile analysis revealed that the expression levels of genes associated with cell cycle transition and cell death were dramatically changed upon miR27b overexpression (Supplementary information, Table  S6 ), which were in line with the bioinformatic prediction ( Figure 1E ). Indeed, miR-27b enhanced doxorubicin-induced S phase arrest ( Figure 5A ) and cell death ( Figure  5B and Supplementary information, Figure S5B and S5C), while miR-27b alone showed no significant effect on cell proliferation or cell death ( Figure 5A , 5B and Supplementary information, Figure S1H , S5C, S5D and Table S2 ). By performing Gene Set Enrichment Analysis (GSEA) [30] , we found that the p53 pathway was listed as the most enriched functional pathway ( Figure 5C and Supplementary information, Figure S5E ). miR-27b-mediated increase in phosphorylated p53 and total p53 levels was confirmed in three p53-wild-type cell lines after doxorubicin treatment ( Figure 5D ). Knockdown of p53 reversed the miR-27b-mediated sensitizing effect in these cells ( Figure 5E and Supplementary information, Figure  S5F ). Together, these results demonstrate that miR-27b enhances anticancer drug-induced cell death by promoting p53 activity.
miR-27b targets CCNG1 to regulate p53 activity
Because miRNAs suppress the expression of their target genes, it is unlikely that miR-27b increases p53 activity directly. We predicted miR-27b target genes using Targetscan [31] , Pictar [32] , and miRanda [33] . By comparing 321 predicted miR-27b target genes with miR-27b-downregulated genes from microarray assays (Supplementary information, Table S7 ), we identified three potential miR-27b targets, CCNG1, CALD1, and PLXND1 ( Figure 6A ). The mRNA levels of these three genes were reduced upon miR-27b overexpression as confirmed via q-PCR ( Figure 6B and Supplementary information, Figure S6A and S6B). Notably, only CCNG1 knockdown enhanced the levels of phosphorylated p53 and total p53 ( Figure 6C and Supplementary information, Figure S6C -S6E), therefore CALD1 and PLXND1 were not followed in the current study. Consistent with this result, previous studies have shown that CCNG1 is a negative regulator of p53 in fibroblasts [34] and liver cells [35] .
We determined whether miR-27b reduces CCNG1 levels via direct binding to its 3′-UTR. Wild-type or mutant 3′-UTR of CCNG1 was cloned into a luciferase reporter construct. miR-27b significantly reduced the luciferase activity of the reporter with wild-type 3′-UTR but not that harboring the mutant 3′-UTR ( Figure 6D ). In addition, miR-27b markedly reduced CCNG1 protein levels, suggesting that CCNG1 is a bona fide target of miR-27b ( Figure 6E) .
Next, we analyzed whether reduced CCNG1 levels are responsible for miR-27b-enhanced drug sensitivity. Similar to forced miR-27b expression, siRNA-mediated CCNG1 knockdown promoted the response to doxorubicin in HepG2, ACHN, and 769-P cells ( Figure 6F ). By contrast, CCNG1 overexpression attenuated the sensitizing effect to doxorubicin caused by miR-27b ( Figure  6G ). It is noteworthy that the miR-27b-CCNG1-p53 mechanism also accounted for the regulation of sensitivity to sorafenib (Supplementary information, Figure S7A -S7C). Taken together, these results showed that miR-27b augments p53-dependent drug sensitivity via targeting CCNG1.
miR-27b increases drug sensitivity by additionally reducing CYP1B1 levels
Intriguingly, of the cell lines characterized, HepG2, ACHN, Caki-1, and 769-P cells carry wild-type p53 alleles, whereas SNU-182, SNU-739, Tong, and 786-O cells harbor missense p53 mutations (Supplementary information, Table S8 ). Although miR-27b attenuated CCNG1 expression in p53-mutant cell lines (Supplementary information, Figure S8A ), we found that knockdown of CCNG1 alone did not confer drug sensitivity on these cancer cells (Supplementary information, Figure S8B ). These results indicate that miR-27b promotes drug sensitivity via additional mechanisms in p53-mutant cancer cells.
We focused on one of the top potential targets of miR27b predicted by Targetscan, Pictar and miRanda, CY-P1B1 [36] , because CYP1B1 is a major P450 enzyme that inactivates and detoxifies a large panel of anticancer drugs, including doxorubicin [37] . miR-27b markedly decreased doxorubicin-induced CYP1B1 protein levels both in cultured cancer cells and in orthotopically transplanted liver cancers, but the mRNA levels of CYP1B1 were unchanged (Supplementary information, Figure  S9A -S9C). Accordingly, miR-27b reduced the activity of the luciferase reporter with wild-type 3′-UTR of CY-P1B1, but not the reporter with mutant 3′-UTR (Supplementary information, Figure S9D ).
In addition, we further analyzed the function of CY-P1B1 in miR-27b-enhanced drug sensitivity. CYP1B1 knockdown (Supplementary information, Figure S10A ) increased the sensitivity to doxorubicin in p53-mutant cells SNU-182 and 786-O ( Figure 6H ) as well as in p53-wild-type cells HepG2 and ACHN (Supplementary information, Figure S10B ). Furthermore, overexpression of CYP1B1 attenuated the sensitizing effect to doxorubicin caused by miR-27b in both p53-wild-type and -mutant cells ( Figure 6I and Supplementary information, Figure  S10C ). Interestingly, forced CYP1B1 expression also reduced the miR-27b-mediated sensitivity to sorafenib (Supplementary information, Figure S10D ). Together, these data prove that miR-27b synergizes with anticancer drugs via at least two essential mechanisms, i.e., promoting wild-type p53-dependent cell death by targeting CCNG1 and reducing drug detoxification by targeting CYP1B1 ( Figure 6J ).
miR-27b promotes drug responses in patients with wildtype p53 or high CYP1B1 levels
The lack of clear molecular classification impedes the development of personalized therapies, especially for liver cancers [38] . Our findings ( Figure 6J ) suggest that the p53 mutation status and CYP1B1 expression levels are key factors determining miR-27b-mediated drug sensitivity. These results also infer that upon anticancer drug treatment, high miR-27b levels would be beneficial for patients with either wild-type p53 or high CYP1B1 levels but not those with both mutated p53 and low CY-P1B1 levels. To verify this hypothesis, we analyzed the data of cancer patients in TCGA with annotated information of drug treatment. However, the p53 mutation status and CYP1B1 protein levels were unavailable in TCGA. Instead, we stratified patients using gene expression signature, which has been shown to provide an accurate measurement of the function of a particular gene in cancer cells [39] .
Previous studies have proven that a 32-gene signature robustly distinguishes p53-wild-type from p53-mutant cancers [40] . To establish a gene signature representing CYP1B1 protein levels (Supplementary information, Figure S11A) , we analyzed 14 cancer cell lines with known CYP1B1 protein levels from the Human Protein Atlas [41, 42] and known whole-genome expression profiles from the Cancer Cell Line Encyclopedia (CCLE) [43] . These cell lines were first divided into two groups according to their CYP1B1 protein levels, and genes differentially expressed between CYP1B1-high and -low cell lines were identified using the GenePattern analysis [44] . A classifier constituting 57 genes (Supplementary information, Table S9 ), which perfectly distinguished the 14 cell lines according to CYP1B1 protein levels, was referred to as the CYP1B1 signature (Supplementary information, Figure S11B) . To evaluate the performance of the CYP1B1 signature, 64 liver and kidney cancer cell lines with expression profile data available in CCLE were clustered into two groups, CYP1B1-high and CYP1B1-low, Figure S11C) . Notably, the predicted CY-P1B1 protein levels in eight cell lines available in our laboratory were successfully validated via western blot analysis, supporting a robust discriminative power of the CYP1B1 signature genes (Supplementary information, Figure S11D ).
We retrieved data of all liver (29 patients) and kidney cancer patients (60 patients) from TCGA, who had annotated information of treatment with cytotoxic drugs or multikinase inhibitors (Supplementary information, Table S10). According to the p53 and CYP1B1 signatures, these patients were stratified into the two groups via hierarchical clustering ( Figure 7A-7E and Supplementary information, Table S10 ). Group I patients have either a p53-wild-type signature or a CYP1B1-high signature and Group II patients have both p53-mutant and CY-P1B1-low signatures. Twenty-two out of the twenty-nine liver cancer patients were classified as Group I. Patients with high levels of miR-27b in this group (11 out of 22) showed significantly extended overall survival time after anticancer drug treatment ( Figure 7F ). Forty-three out of sixty kidney cancer patients were classified as Group I. Remarkably, patients with high miR-27b levels also showed good response to anticancer drug treatment in Group I ( Figure 7G ), but not in Group II kidney cancer patients ( Figure 7H ). These data suggest that miR-27b improves the responses to anticancer drugs specifically in patients with wild-type p53 or high CYP1B1 levels.
We also extended the analysis to other types of human cancers. Remarkably, in lung cancers and head and neck cancers, Group I patients with high miR-27b levels showed prolonged overall survival after anticancer drug treatment (Supplementary information, Figure S12A and S12C), whereas high miR-27b levels had no effect on drug response in Group II patients (Supplementary information, Figure S12B and S12D). Data from these four types of cancers, comprising 215 patients in total, support that miR-27b synergizes with anticancer drugs largely through p53 and CYP1B1. More importantly, these results suggest a selection strategy of potential responsive patients for personalized combinational therapy of miR-27b and anticancer drugs.
Discussion
Because of the complexity and redundancy of drug resistance mechanisms, ablation of a single pathway is unable to produce sustained drug response. Novel approaches that interfere with multiple essential drug resistance mechanisms are believed to promote the outcome of anticancer drug treatment [12] . In this study, by functional screening and bioinformatic analysis followed by exploring publically available human liver cancer and kidney cancer data, we identified miR-27b as a master miRNA antagonizing multiple drug resistance mechanisms, which remarkably increases drug responses to various anticancer drugs, including doxorubicin and sorafenib. Sorafenib is the only FDA-approved medicine for systemic liver cancer treatment. However, < 5% of the late-stage patients respond to sorafenib [3, 45] . Intriguingly, based on the data retrieved from TCGA, patients with high miR-27b levels showed prolonged survival after treatment with sorafenib or other compounds in about 60%-75% cases ( Figure 7F , 7G and Supplementary information, Figure S12A and S12 C). In addition, we would like to emphasize that our findings indicate a promising approach for the better use of traditional chemotherapeutic compounds, such as doxorubicin and cisplatin, which, despite arguable therapeutic effect, are widely used in Asian clinical practices. Importantly, miR-27b improves the response to these compounds used at low concentrations. This is of specific interest because most advanced liver and kidney cancer patients are not tolerable to standard dosage of anticancer drugs.
Previous studies have identified master miRNAs in cancer initiation and promotion by whole-genome sequencing [13] and integrated analysis of the miR-NA-transcription factor interactions [46, 47] . These studies lay the ground for using large-scale genomics or network biology to identify master miRNAs. In recent years, accumulating evidence has shown that miRNAs also play important roles in drug response of human cancers. While most studies on drug response focus on individual miRNAs, genome-wide evaluation of each miRNA in the background of the entire miRNome is largely uncharacterized [48] . By functional screening, we identified 22 miRNAs that promote drug sensitivity in liver cancer cells. Importantly, our results provide a network-based perspective to understand multiple drug resistance mechanisms and help identify master regulators of drug response. Interestingly, there are overlapping pathways predicted to be regulated by multiple miRNAs ( Figure 1E ). For example, both miR-20a and miR-27b induce cell apoptosis. On the other hand, miR-20b and miR-183 are predicted to target the AKT pathway, one of the most important cell survival pathways. Investigation of combination of multiple miRNAs may ensure promising therapeutic strategies in the future.
Notably, miR-27b is located in the center of the miR-NA-pathway network. The function of miR-27b was characterized in detail in liver cancers and kidney cancers, both of which are refractory to anticancer drugs. We found that miR-27b sensitized cancer cells in vitro and (C, D) . (E) The patients were stratified according to the p53 and CYP1B1 signatures. Patients with either a p53-wild-type (p53-wt) or a CYP1B1-high signature were classified as Group I. Patients with both p53-mutant (p53-mut) and CYP1B1-low signatures were classified as Group II. (F) Liver cancer patients who were treated with cytotoxic drugs and/or multikinase inhibitors were classified into Group I (n = 22) and Group II (n = 7). Kaplan-Meier analysis showed that patients with high miR-27b levels showed prolonged the overall survival in Group I liver cancer patients (log-rank test). The sample size of Group II is too small and thus this group cannot be analyzed using Kaplan-Meier method. (G, H) Kidney cancer patients who were treated with cytotoxic drugs and/or multikinase inhibitors were classified into Group I (G, n = 43) and Group II (H, n = 17). Kaplan-Meier analysis showed that patients with high miR-27b levels showed prolonged overall survival in Group I kidney cancer patients (G, log-rank test), but not in Group II patients (H, log-rank test). Original raw data were all derived from TCGA database.
in vivo to various types of drugs, including chemotherapeutic drugs and molecularly targeted drugs. In addition, miR-27b improves drug response not only in a large panel of cancer cell lines but also in patient-derived primary cancer cells. Besides the potent drug-sensitizing effect, the significance of miR-27b was further highlighted by the finding that the mir-27b gene locus is genetically deleted or hypermethylated in human liver and kidney cancers, suggesting that low miR-27b levels might confer an advantage on cancer cells and that restoring miR-27b npg www.cell-research.com | Cell Research might selectively kill cancer cells in combination with anticancer drugs. Taken together, we consider miR-27b as a master miRNA in enhancing drug sensitivity. Interestingly, miR-27a, which is a homolog of miR-27b and located on a different chromosome, was not identified in the screen ( Figure 1B) . Although the predicted target genes of these two miRNAs are largely overlapped, variations in mature sequences at the 3′ ends of miR-27a and miR-27b may lead to different binding capacities for target genes [49] . According to the data in miRTarBase, less than 15% of the experimentally validated targets are shared by miR-27a and miR-27b. Also, miR-27b, more abundantly expressed in the liver, is unlikely to be co-expressed with miR-27a in cancerous and non-cancerous liver tissues ( Figure 2D and Supplementary information, Figure S3G and S3H). Taken together, miR-27a may not play a redundant effect in regulating drug sensitivity.
Pioneered studies have been successful in reintroducing miRNAs into cancer cells as single agents to inhibit tumor growth [14, 50] . Interestingly, our study demonstrated the use of miRNA as an adjuvant regimen, because combination of miR-27b and doxorubicin, but not miR-27b alone, showed potent therapeutic effect on liver and kidney cancers. Combinational therapies of chemical compounds have already been shown as promising approaches to achieve a synergistic effect. For example, cetuximab with irinotecan and lapatinib with capecitabine have successfully prolonged progression-free survival in colon [51] and breast cancer patients [52] , respectively. We think that miRNA-based combinational therapies have two apparent advantages: miRNAs are relatively safe for in vivo delivery, and miRNAs are powerful in overcoming drug resistance due to the multitarget characteristic [15] . In addition, miR-27b-based combinational therapy was effective in vivo even though the dose of doxorubicin was used much lower than that in clinical routine, representing an important advance for the rational use of traditional chemotherapeutic compounds, which are still the first choice in developing countries. In the future, miR-27b and anticancer drugs might be applied as an encapsulated "cocktail" to ensure delivery to the same tumor cell and achieve maximal synergistic effect [53] .
Remarkably, we showed that miR-27b improved the response to various types of anticancer drugs in multiple human cancer cell lines. We found that the forced expression of miR-27b strongly increased the levels of phosphorylated and total p53 proteins. We further revealed that miR-27b activates p53 by antagonizing CCNG1. Unlike the complete deletion of CCNG1 [54] , the partially attenuated CCNG1 expression by miR-27b overexpression has no effect on cell cycle progression in non-stimulated cells ( Figure 5A ). However, doxorubicin induces S phase arrest and miR-27b promotes the sensitivity of cancer cells to doxorubicin, leading to more severe replication defects ( Figure 5A ). CCNG1 can negatively regulate ATM-dependent p53 activation during DNA damage [54] . In addition, CCNG1 recruits the β-subunit of phosphatase 2A (PP2A) to dephosphorylate MDM2, thereby resulting in p53 degradation [34] . Intriguingly, p53 mutations are rarely identified in human kidney cancers [55] . pVHL, often mutated in kidney cancers, was found to stabilize p53 by suppressing Mdm2-mediated ubiquitination [56] . Therefore, attenuated p53 activity caused by VHL mutation not only explains why kidney cancers are resistant to anticancer drug therapy, but also supports our finding that enhancing p53 activity by miR27b can improve drug response in kidney cancers.
miR-27b also promotes drug response in p53-mutated cancer cells. In these cancers, miR-27b targets CYP1B1 to enhance drug sensitivity. In addition to the posttranscriptional regulation of CYP1B1 by miR-27b [36] , we further uncovered the function of CYP1B1 in miR-27b-mediated drug sensitivity and constructed a CYP1B1 signature to stratify cancer patients, which might facilitate the personalized use of miR-27b-based combinational therapy. CYP1B1 belongs to the cytochrome P450 superfamily, which contains major enzymes controlling the detoxification of anticancer drugs [57] . CYP1B1 conjugates and inactivates anticancer agents with high affinity, which is facilitated by additional binding of cofactors [37] . Interestingly, although CYP1B1 is barely detected in non-cancerous tissues, the protein levels of CYP1B1 are elevated in various types of malignant cancers including liver cancers and kidney cancers [58] , which suggest that CYP1B1 may represent a tumor-specific target. Intriguingly, a recent study showed miR-27b-dependent regulation of dihydropyrimidine dehydrogenase, a rate-limiting enzyme in metabolism of 5-fluorouracil, further suggesting a key role of miR-27b in the detoxification of anticancer drugs [59] . Taken together, the combinational therapy of miR-27b and anticancer drugs greatly cuts off the "escape route" for cancer cells by both increasing p53-mediated cell death and suppressing CYP1B1-mediated drug detoxification ( Figure 6J ). Our approach fortifies the concept of "horizontal" targeting of parallel pathways, which has been widely applied in therapies using small compounds targeting essential survival pathways [60] .
Because human cancers develop with a high degree of molecular heterogeneity [61] , the responses to the same type of therapy are dramatically different among cancer patients. One challenge is to identify molecular subtypes of individuals that are susceptible to a particular treat-ment, thereby maximizing treatment efficacy in defined populations. Our molecular findings suggested that miR27b could be used in a personalized manner by evaluating its major functional effectors. Indeed, by stratifying patients according to the p53-and CYP1B1-gene signatures, we found that high miR-27b levels confer good drug response specifically on patients with wild-type p53 or high CYP1B1 levels. It is notable that while our study took liver and kidney cancers as a starting point, the finding could be extended to human lung cancers and head and neck cancers. In conclusion, we provide a combinational use of miR-27b and anticancer drugs as a new therapeutic strategy that would be beneficial for p53-wild-type or CYP1B1-high patients.
Materials and Methods
High-throughput miRNA screen
The screen library includes 828 synthesized human miRNA mimics [20] . HepG2 cells were seeded in 96-well plates (1 × 10 4 cells per well). Twelve hours later, cells were transfected with miRNA mimics (final concentration 50 nM) using Lipofectamine RNAiMAX (Invitrogen). Each miRNA was transfected with two replicas in the same plate. Forty-eight hours after miRNA transfection, one was treated with 0.1 µM doxorubicin for 3 days and the other was still cultured in doxorubicin-free medium. To assess the effect of each miRNA on doxorubicin response, the number of viable cells was measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega). "Relative cell number" for an individual miRNA = the number of viable cells in doxorubicin-containing medium / the number of viable cells in doxorubicin-free medium. "Normalized to Scr-miR" is defined as the ratio of "Relative cell number" for each miRNA to the scrambled miRNA control.
The Z-score was used to normalize these raw data in a way that provides explicit information regarding the strength of each miR-NA relative to the rest of the sample distribution. In brief, Z-score = (sample value -sample mean) / sample SD, where "sample" represents the relative cell number of each miRNA that has been normalized to the scrambled miRNA control.
Liver cancer model for the combinational therapy of miR27b and doxorubicin
HepG2 cells (3 × 10 6 ) mixed with matrigel were injected into the largest lobe of the liver in immunodeficient mice. Liver cancers were allowed to form for 3 weeks. Scrambled miRNA control and miR-27b (3.5 mg/kg) were encapsulated in liposomes using Inviofectamine 2.0 (Invitrogen) in a volume of 200 µl and were incubated for 30 min at 50 °C before tail vein injection. Doxorubicin was administered through tail vein injection at 3 mg/kg, which was around 3-fold lower than the doses used in the clinic [27] . After three rounds of sequential treatment, cancer volumes were calculated according to the formula: volume = a × b 2 / 2, where "a" represents the largest diameter and "b" represents the perpendicular diameter. All animal experiments were performed according to institutional animal regulations.
Kidney cancer model for the combinational therapy of miR27b and doxorubicin
ACHN cells (2 × 10 6 ) were injected subcutaneously into immunodeficient mice. Kidney cancers were allowed to form for 4 weeks. Scrambled miRNA control and miR-27b (15 µg/tumor) were encapsulated in liposomes using Inviofectamine 2.0 (Invitrogen) in a volume of 20 µl and were incubated for 30 min at 50 °C before intratumoral injection. Doxorubicin was administered at 6 mg/kg through tail vein injection. After four rounds of sequential treatment, cancer volumes were calculated according to the formula: volume = a × b 2 / 2, where "a" represents the largest diameter and "b" represents the perpendicular diameter. All animal experiments were performed according to institutional animal regulations.
Cell culture
Human cancer cell lines, HepG2, HeLa, Tong, and HEK-293FT were cultured in DMEM medium. SNU-182, SNU-739, 769-P, and 786-O cells were cultured in RPMI1640 medium. ACHN cells were cultured in MEM medium. Caki-1 cells were cultured in McCoy's 5A medium. All the media were supplemented with 10% fetal bovine serum.
For cancer cell primary culture, all patients were from the Eastern Hepatobilliary Surgery Hospital in Shanghai, China. The liver cancer specimens were collected with patient consent. Samples were transported on ice to the laboratory within 1 h of collection. Solid tumor specimens were rinsed twice with PBS supplemented with penicillin and streptomycin and finely minced with scissors. Both necrotic tissues and apparently normal tissues were discarded. Tumor fragments were digested by 0.1% collagenase intravenously for 30 min at 37 °C and then filtered through a 70-µm nylon cell strainer. Cell suspension was centrifuged and the supernatant was then transferred to collagen-coated dishes. Cells were cultured in RPMI1640 medium supplemented with 10% fetal bovine serum, 10 mg/L insulin, 5.5 mg/L transferrin, 6.7 µg/L sodium selenite and 40 µg/L of epidermal growth factor.
All the above cell lines and primary cultured cancer cells were maintained at 37 °C in a humidified incubator at 5% CO 2 .
Drug sensitivity test and IC50 estimation
Cells were seeded in 96-well plates. Twelve hours later, cells were transfected with miR-27b or Scr-miR (final concentration 50 nM) using Lipofectamine RNAiMAX (Invitrogen). Forty-eight hours after miRNA transfection, the cells were treated with the indicated concentration of anticancer drugs as shown in the corresponding figures for 3 days. The number of viable cells was measured using CellTiter-Glo Luminescent Cell Viability Assay (Promega). "Relative cell number" = the number of viable cells in drug-containing medium / the number of viable cells in drug-free medium. "Relative cell number" was further fitted to a dose-response curve to estimate the IC50 by the SPSS software.
Cell cycle analysis
For cell cycle analysis, HepG2 cells (2 × 10 5 per well) were plated in 6-well plates. Twelve hours later, the cells were transfected with miR-27b or scrambled miRNA control. Two days after transfection, the cells were treated with 0.5 µM doxorubicin for 48 h and then cultured in the absence of doxorubicin for another 24 h. Next, the cells were trypsinized, washed in PBS, and fixed with ice-cold 70% ethanol for 30 min at 4 °C. After washing in cold npg www.cell-research.com | Cell Research PBS for three times, cells were resuspended in 0.5 ml PBS solution with 50 µg/ml propidium iodide and 20 µg/ml RNase A for 30 min at 37 °C. Samples were then analyzed for their DNA content by FACSCalibur (Becton Dickinson).
Apoptosis analysis
For apoptosis analysis, HepG2 cells were plated in 6-well plates (2 × 10 5 cells per well). Twelve hours later, the cells were transfected with miR-27b or scrambled miRNA control. Two days after transfection, cells were treated with 1 µM doxorubicin for 24 h and then cultured in the absence of doxorubicin for another 24 h. Apoptotic cells were detected by Annexin V-FITC Apoptosis Detection Kit (Sigma) and analyzed by FACSCalibur.
RNA extraction and q-PCR
Total RNA was extracted using Trizol reagent (Invitrogen). 1 µg RNA was reversely transcribed into cDNA with M-MLV Reverse Transcriptase (Promega). q-PCR was performed with SYBR Premix Ex Taq (TaKaRa) on an ABI 7500 fast real-time PCR system (Applied Biosystems). Primer sequences will be provided upon request. Quantification of mature miRNAs was performed with a stem-loop real-time PCR.
Antibodies
Antibodies targeting the following epitopes were used for western blot assays: p53 (Cell Signaling, no 2524, 1:1 000), p53 phosphorylated at Ser15 (Cell Signaling, no 9284, 1:1 500), caspase-3 (Cell Signaling, no 9662, 1:1 000), cleaved caspase-3 (Cell Signaling, no 9664, 1:1 000), CYP1B1 (Abcam, ab33586, 1:2 000), CCNG1 (Santa Cruz, sc-320, 1:1 500) and β-Actin (Sigma, A2228, 1:6 000).
Vector constructs
The open reading frames of the CCNG1 or CYP1B1 gene were amplified and cloned into a lentiviral pCDH vector, the corresponding primers are listed in Supplementary information, Table S11. For the luciferase reporter construct containing the wild-type 3′-UTRs, single-strand oligos and their complementary strands were annealed to generate a ~100 bp double-strand DNA fragment containing the miR-27b recognition sequences in the 3′-UTRs of CCNG1 or CYP1B1. Of note, the four alternative transcripts of CCNG1 harbor the miR-27b binding sites in their 3′-UTRs. For sequence-deleted 3′-UTRs, oligos without the miR-27b recognition sequences were annealed. Both wild-type and seed sequence-deleted 3′-UTRs of CCNG1, or CYP1B1 were cloned downstream of a cytomegalovirus (CMV) promoter-driven firefly luciferase cassette in a pcDNA3.0 vector. The corresponding oligos are listed in Supplementary information, Table S11 .
Lentivirus production and transfection
pCDH-CCNG1 or pCDH-CYP1B1 was co-transfected with the packaging plasmid psPAX2 and the envelope plasmid pMD2. G into HEK-293FT cells using Calcium phosphate transfection. Virus particles were harvested 48 h after transfection. HepG2 cells were infected with virus particles plus 4 µg/ml Polybrene (Sigma).
Oligonucleotide transfection
miR-27b mimics and scrambled miRNA mimics used for in vitro studies were purchased from Dharmacon. In vivo Ready miR27b mimics and scrambled miRNA control used for in vivo experiment were purchased from Ambion. siRNAs of CCNG1, CYP1B1, and scrambled siRNA control were purchased from Ribobio. Oligonucleotide transfection was performed with Lipofectamine RNAiMAX Reagent (Invitrogen).
Luciferase assay
HepG2 cells were cultured in 12-well plates (1 × 10 5 cells per well) and co-transfected with 50 nM miR-27b mimics or scrambled miRNA control, 0.25 µg firefly luciferase reporter containing the 3′-UTR and 50 ng pRL-CMV Renilla luciferase reporter. After 48 h, the luciferase activity was measured with the dual luciferase reporter assay system (Promega).
Patient analysis
For patient analysis, all the data in Figures 2D-2F , 4H-4J, and 7 were retrieved from TCGA data portal (cancergenome.nih.gov) updated by the end of November 30, 2014. Information for these patients contains miRNA expression, mRNA expression, SNP, DNA methylation data, and clinical information. All these data were used in level three. For detailed information of gene copy number variation analysis, promoter methylation analysis, patient stratification and survival analysis, see Supplementary information, Data S1.
Statistical analysis
Statistical calculation was performed in GraphPad Prism 5 software. All dose-response curve experiments were analyzed by F-test. A two-tailed P < 0.05 was taken to indicate statistical significance. For analyzing the survival of patients, two-tailed logrank test was applied. All the other statistical comparisons between experimental groups were analyzed by two-tailed Student's t-test. Data are presented as mean ± SEM.
